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Structural and Biophysical Characterization of Inner Ear Tip Link
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Yoshie Narui, Marcos Sotomayor.
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At the molecular level, human hearing relies upon the tip-to-tip interaction of
two unique non-classical cadherins, protocadherin 15 (Pcdh15) and cadherin 23
(Cdh23). Together, these two proteins form a filament called the tip link that
connects neighboring stereocilia of mechanosensitive hair cells. Sound waves
cause the stereocilia to deflect applying a force to the tip link and opening a
nearby transduction channel. Disruption of the tip link caused by loud sound
or chemical treatments eliminates transduction currents and illustrates that
tip link integrity is critical for mechanosensing. Recent studies have found
that remodeling of the tip link after disruption is a dynamic process, which
leads to the formation of atypical complexes that may incorporate alternatively
spliced variants or isoforms of Pcdh15. Our current work focuses on under-
standing these unusual tip links and comparing them with the prototypical tip
link. Here, we present the crystal structure of a new complex formed from
Cdh23 and isoform 2 of Pcdh15 refined at 3.5 A˚ resolution. While the molec-
ular structure reveals subtle differences between the two complexes, the bind-
ing affinity between Cdh23 and isoform 2 of Pcdh15 is notably different from
Cdh23 and isoform 1 of Pcdh15 as observed in analytical size exclusion chro-
matography. These results clearly demonstrate that alternative heterotypic tip
link structures form stable protein-protein interactions in vitro and provide
no evidence to support the existence of homotypic Pcdh15-Pcdh15 tip links.
Additional studies will focus on other Pcdh15 isoforms and determine how
changes in the tip link structure alter the mechanical properties of the filament.
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Piezo channels are a new family of cation-selective mechanosensitive ion chan-
nels, which have been shown to be integral in numerous physiological pro-
cesses. Central to these physiological roles is the ability to sense mechanical
force. Whether this force is transmitted directly from the lipid bilayer or
from tethering to the cytoskeleton and/or ECM is unknown. The ‘gold standard’
for testing the ‘inherent’ mechanosensitivity of ion channels has become puri-
fication and subsequent reconstitution of mechanosensitive channel proteins
into liposomes of known lipid composition. This is experimentally difficult
and time consuming and is a process that has to be determined empirically
for individual channel proteins. An underused paradigm for the study of chan-
nel mechanosensitivity is the production of cytoskeleton deficient membrane
‘blebs’ [1]. In order to study the inherent mechanosensitivity of Piezo1 chan-
nels using this paradigm we used transiently transfected HEK293 cells. Herein
we show that; a) membrane blebs can be formed by the addition of both Hypo-
and Hyper-osmolar solutions of sodium gluconate in HEK293 cells, b) this
treatment induces significant cell death after 2 hours as determined by trypan
blue exclusion assays, c) these resulting blebs are deficient in a major cytoskel-
etal component (actin) and d) Piezo1 channels can be activated in this environ-
ment and have a lower pressure threshold of activation. This has important
implications with respect to Piezo1 channels being gated according to the force
from lipids concept [2]. In addition we also assess the affect of mutating a num-
ber of aromatic residues in the most highly conserved region of the Piezo
sequence on the mechanosensitivity of the channel.
References:
[1] Zhang, Y., et. al., (2000) J. Physiol.(London) 523, 117-130.
[2] Anishkin, A., et. al., (2014) PNAS 111(22): 7898-7905.
Supported by APP1047980 grant from the National Medical and Health
Research Council of Australia.
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Mechanosensation is a fundamental way animals interact with the environment,
but it remains the least well understood at cellular and molecular level. Somato-
sensory ganglia of the standard laboratory species house a highly diverse pop-
ulation of neurons, where low-threshold mechanoreceptors - the neurons that
innervate light touch receptors in the skin - represent only a small fraction.
This heterogeneity significantly impedes progress in understanding functionalroles of somatosensory neurons in light touch perception. Here, we explored
functional specialization of somatosensory ganglia from animals which have
taken the sense of touch to the extreme - tactile foraging ducks. These animals
have acutely mechanosensitive bill innervated by trigeminal (TG) neurons, and
as such provide an opportunity to study general principles of mechanotransduc-
tion from an unconventional standpoint. We found that, in contrast to species
without tactile specialization, the majority (85%) of duck TG neurons are
large-diameter myelinated mechanoreceptors expressing the mechano-gated
ion channel Piezo2. Electrophysiological analyses showed that mechanosensi-
tivity of duck TG neurons has been optimized in three ways. Compared to
mouse cells, duck neurons exhibit (i) lowered threshold of mechano-
activation, (ii) elevated signal amplification gain, and (iii) prolonged kinetics
of inactivation, all of which increase the amount of depolarizing charge
entering the cell upon mechanical stimulation. Thus, duck TG neurons have
augmented intrinsic ability to convert mechanical force into excitatory ionic
current, which explains the acute mechanosensory properties of the duck bill.
Our studies emphasize a key role of the intrinsic mechanosensory ability of
somatosensory neurons in touch physiology, reveal an evolutionary strategy
utilized by vertebrates to hone tactile perception, and suggest a novel model
system to study the sense of touch at the cellular and molecular level.
Schneider ER, Gracheva EO, Bagriantsev SN et al, PNAS 2014 (e-pub
Sept 22).
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Extremely low frequency magnetic fields (ELF MF) are classified as possibly
carcinogenic to humans, but the biophysical mechanisms of a causal relationship
remain unclear. A cryptochrome-based radical pair mechanism (RPM) has been
invoked as the primaryMF sensor in animal magnetoreception to explain effects
fromMF strengths in the nT range. Model studies of the RPM in aprotic solution
require cryogenic temperatures and MFs in the mT range to elicit marginal re-
sponses, implying that physiological responses evoked by radical pairs in biolog-
ical milieu are unlikely. We explore ideas about how signals from transient
radical pairs in cryptochrome might be transduced and amplified in mutagenic
responses. The cryptochrome-based RPM involves blue light activation of the
flavin adenine dinucleotide (FAD) cofactor followed by electron transfer (ET)
from a conserved triad of tryptophan residues. However, intramolecular ET
involving additional conserved aromatic residues in cryptochrome likely extends
beyond the canonical triad. Further, ascorbate, which is present at millimolar
concentrations in leukocytes, is likely to transfer an electron to the ultimate
amino acid radical formed during one-electron reduction of FAD. The ascorbyl
radical has been proposed as a potential radical pair partner in the RPM.
The flavin semiquinone radical may be reoxidized to the resting state via ET
to O2 to form O2
. Increased levels of the ascorbyl radical and O2
 would
contribute to oxidative stress pathways in the cell. Oxidative stress responses
in cancer are thought to be mediated in part by the mitogen activated protein
kinase (MAPK) signaling pathway. We have presented evidence for alteration
of MAPK activation in response to ELF MF.
Acknowledgement: This project has received funding from the European
Union’s Seventh Programme for research, technological development, and
demonstration under grant agreement No. 282891.
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MscS-Like (MSL) 10 is a member of the MscS superfamily of mechanosensi-
tive ion channels and one of 10 MSL proteins in the model flowering plant
Arabidopsis thaliana. Unlike Escherichia coli MscS, MSL10 contains 6 trans-
membrane helices, and only its C-terminal TM helix shows homology with
EcMscS’s pore-lining domain. MSL10 has been shown to provide a mechano-
sensitive activity in plant cells and Xenopus oocytes. However, its structural
organization and function in plants are just beginning to be elucidated. We
have shown that MSL10 is involved in one or more signal pathways that do
not require its ion conducting ability. Instead, MSL10’s intracellular N-termi-
nus was shown to have a regulatory function in the induction of programmed
Wednesday, February 11, 2015 563acell death, depending on its phosphorylation state. Attempting to uncouple
MSL10’s ion channel and regulatory functions in plants, we are performing
an analysis of several key mutations in the putative pore-lining domain. Several
GOF mutants indicate the critical role of hydrophobic residues of TM6 in chan-
nel activation. We also have identified LOF mutants with specific changes in
particular channel properties, such as single channel conductance and tension
sensitivity when tested in Xenopus oocytes. We hypothesize that the bulky
F553 and F563 residues of MSL10 mediate force transduction from the mem-
brane to the channel’s pore. This may occur via interaction with hydrophobic
residues of other TMs (like EcMScS F68 and L111) or directly with the fatty
acid tails of membrane lipids. Testing these mutants in in planta assays will pro-
vide insight into the role played by the MSL10 in plant signaling and may iden-
tify its interacting partners. In summary, our work is beginning to reveal a dual
role of MSL10 in plant physiology and the molecular mechanisms governing its
behavior and functions.
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Cardiac myocytes are subjected to fluid shear force (FSF) during each contrac-
tion and relaxation. Under pathological conditions, such as valve disease, heart
failure and hypertension, FSF in cardiac chamber increases due to high blood
volume and pressure. We have previously shown that FSF induces proarrhyth-
mic longitudinal global Ca2þ waves and premature beat in rat atrial myocytes
(Biophys J, 2014; 106 (2): 320a). In the present study, we further explored un-
derlying cellular mechanisms for the FSF-induced longitudinal global Ca2þ
waves and their effects on Ca2þ signaling in rat atrial myocytes. A FSF of
~16 dyn/cm2 was applied onto entire single myocyte using pressurized fluid
puffing. Confocal Ca2þ imaging was performed to measure local and global
Ca2þ signals. Proarrhythmic longitudinal Ca2þ waves in atrial cells under
FSF were resistant to the blockers for stretch-activated cation channel, Naþ-
Ca2þ exchange or Ca2þ-activated cation channel (TRPM4), and to removal
of external Ca2þ. Interestingly, this FSF-induced atrial Ca2þ wave was elimi-
nated by inositol 1,4,5-trisphosphate receptor (IP3R) blockers, tetracaine, or
by phospholipase C inhibitor, and were absent in the type 2 IP3R (IP3R2)
knockout cells. Furthermore, the FSF-induced atrial Ca2þ waves were sup-
pressed by blockade of P2-purinergic receptors or by inhibition of gap junction
that can secrete ATP. In field-stimulated cells, FSF immediately enlarged Ca2þ
transients with larger increase in non-junctional Ca2þ release relative to junc-
tional release. This FSF-induced enhancement in Ca2þ release was soon fol-
lowed by significant reductions in Ca2þ transient and sarcoplasmic reticulum
Ca2þ content. Our data suggest that IP3R2-mediated Ca
2þ release, triggered
by autocrine activation of P2-purinergic signaling, may generate proarrhythmic
Ca2þ wave, thereby altering atrial Ca2þ signaling.
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Cell shape changes associated with processes like cytokinesis and motility
proceed on several second time-scales. However, they are derived from mo-
lecular events occurring much faster, including protein-protein interactions,
filament assembly, and force generation. How these fast dynamics define
cellular outcomes remain unknown. While accumulation of cytoskeletal ele-
ments is often portrayed as being driven by signaling pathways, mechanical
stresses also direct proteins. A myosin II-based mechanosensory system con-
trols cellular contractility and shape during cytokinesis and under applied
stress. In Dictyostelium, this system tunes myosin II accumulation under me-
chanical stress by feedback through the actin network, particularly through the
crosslinker cortexillin I. Cortexillin-binding IQGAP proteins are major regu-
lators of this system. We examined the dynamic interplay between these key
cytoskeletal proteins using fluorescence recovery after photobleaching and
fluorescence correlation spectroscopy, defining the short time-scale dynamics
of these players during cytokinesis and under mechanical stress. Actin and its
polar cortex-enriched crosslinkers showed sub-second recovery, while equato-
rially enriched proteins including cortexillin I, IQGAP2, and myosin II recov-
ered in 1-5 seconds. Mobility of these equatorial proteins was greatly reducedat the furrow, compared to their interphase dynamics. This mobility shift did
not arise from a single biochemical event, but rather from global inhibition of
protein dynamics by mechanical stress-associated changes in cytoskeletal
structure. We further expanded our genetic and biochemical understanding
of this mechanosensory system using a proteomics approach to identify rele-
vant protein-protein interactions. We identified that, in addition to binding to
each other, both cortexillin I and IQGAP2 also interact with myosin II under
conditions that prevent myosin II-F-actin binding. This validates the high
crosstalk occurring between various mechanosensitive elements. Mechanical
tuning of contractile protein dynamics provides robustness to the cytoskeletal
framework responsible for regulating cell shape and contributes to the fidelity
of cytokinesis.
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Adipose tissue is subjected to various types of physical loading. Previous
studies show that adipocytes have mechanosensitive properties and are affected
by mechanical stimulation. In this study, we investigated the effects of fluid
shear stress on adipogenic differentiation using 3T3-L1 preadipocytes. The
study included 3 groups: (1) No Loading, (2) Loading-Immediate harvest,
and (3) Loading-Post 2 day harvest. In the loading groups, dynamic fluid shear
stress of maximum 1 Pa at 1 Hz was applied to the preadipocytes for 30 mins.
GAPDH, ERK, p-ERK, C/EBPb, PPARg proteins were assessed by Western
blot analysis. Loading resulted in increased p-ERK and reduced C/EBPb ex-
pressions compared to the No Loading group. These changes were more signif-
icant when the cells were harvested post 2 day loading. However, loading did
not result in significant changes in PPARg expression. C/EBPb plays a major
role in promoting the differentiation process of preadipocytes and also induces
PPARgwhich shows enhanced expressions in the terminal differentiation stage
of adipocytes. These results indicate that fluid shear stress may suppress adipo-
genic differentiation through C/EBPb inhibition. Greater decrease in C/EBPb
when cells were harvested post 2 day loading suggests that changes in
C/EBPb are not immediate with loading and therefore longer duration may
be necessary to observe changes in PPARg expression. Further experiments
with increased harvest time as well as experiments using 3T3-L1 preadipocytes
of more advanced differentiation stage are underway.
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Mechanotransduction, the process where cells convert biophysical signals into
chemical signals, directs the behavior and function of endothelial cells (ECs)
because of their unique position on the luminal surface of blood vessels. ECs
are in direct contact with blood and can sense changes in shear stress caused
by alterations in flow rate. To investigate the biophysical implications of this
response we recapitulated physiological levels of shear stress in vitro using
two systems, imaged and measured the consequent cytoskeletal changes with
immunofluorescence, and quantified cortical stiffness distributions. We devel-
oped a sampling method for Atomic Force Microscopy (AFM) stiffness mea-
surements by which force-indentation data is collected in a uniform grid
(force map) over multiple cells within a monolayer. In this way, the sampling
bias resulting from the selection of force-indentation measurements was
reduced. Hertzian contact modeling for AFM was used to specifically isolate
the cortical stiffness of the cell using a pyramidal indenter and small indentation
depths (100 nm). Nonparametric statistics were used to compare the distribu-
tions of moduli from a given experiment, as the data distribution was not
Gaussian. Actin filament alignment was quantified using Hough Transforms
on immunofluorescence images and increased when cells were exposed to shear
stress. The medians of stiffness distributions within sheared EC monolayers
increased in magnitude when compared to static monolayers, yielding a
method-dependent increase in cortical stiffness of up to 60%. This demonstrates
that physiological levels of shear stress dramatically affect ECsmorphology in a
way that cannot be simulated under static conditions. We concluded that the
biophysical milieu of a cell’s physiological microenvironment must be
recapitulated in order to represent characteristic cellular mechanical properties
in vitro.
